Abstract During Earth's accretion, Earth's mantle is expected to have been a magma ocean due to large impacts. As such, properties of molten mantle materials are key to understanding Earth's thermochemical evolution. However, due to experimental challenges, transport properties at lower mantle pressures, particularly viscosity, are poorly constrained for mantle melts. In this study, we use quenched dendritic textures to estimate melt viscosities at high pressures for (Mg, Fe)O ferropericlase, one of the major components of the mantle. We find that the viscosity of (Mg, Fe)O melt near liquidus temperatures is 10
Introduction
An early, deep magma ocean on Earth has been hypothesized to explain the mantle's moderately siderophile element abundances (e.g., Li & Agee, 1996; Rubie et al., 2011) , as well as a likely outcome after the energetic Moon-forming giant impact (e.g., Canup, 2004; Cuk & Stewart, 2012) . Understanding the subsequent evolution of the magma ocean is crucial to unfold the nature and evolution of Earth's early atmosphere, tectonics, and mantle geochemistry (e.g., Elkins-Tanton, 2012; Wood et al., 2006) . Therefore, material properties of silicate/oxide liquids, particularly transport properties (e.g., viscosity), are of primary importance to understand the convection style, cooling, and crystallization of a deep magma ocean (e.g., Solomatov & Stevenson, 1993) .
Ferropericlase (Mg, Fe) O is one of the main components of the mantle; however, the viscosity of this melt at high pressures has not been examined due to technical difficulties. That is, the extreme temperatures required to melt (Mg, Fe)O at high pressures (Du & Lee, 2014; render the conventional methods of measuring melt viscosity difficult (e.g., falling sphere viscometry; Kanzaki et al., 1987) . Furthermore, experimental results on other mantle compositions have been limited to lower pressures, for example, enstatite melt up to 8 GPa (Cochain et al., 2017) , fayalite melt up to 9 GPa (Spice et al., 2015) , and peridotite melt up to 13 GPa (Dingwell et al., 2004; Liebske et al., 2005) . Computational studies have covered the Mg end-member compositions MgO, MgSiO 3 , and Mg 2 SiO 4 up to core-mantle boundary (CMB) conditions (Adjaoud et al., 2011; Alfe, 2005; Karki, 2015; . Recently, the total self-diffusivity of (Mg 0.75 , Fe 0.25 )O has also been computed (Holmstrom & Stixrude, 2016) , although the viscosity of the same material is still lacking.
In this study, we propose a novel method to estimate viscosity of (Mg, Fe)O melt at high pressures using the Eyring relation, where self-diffusivity is determined from quenched textures. Our experimental estimates are in good agreement with molecular dynamic density functional theory results (Alfe, 2005; Karki, 2015) .
Materials and Methods
We performed a set of high-pressure melting experiments for (Mg 1-x ,Fe x )O (x = 0.1, 0.2) using a laser-heated diamond anvil cell, with experimental details described in a previous study (Du & Lee, 2014) . We compile the experimental results from Du and Lee (2014) and , with temperature corrections due to wavelength-dependent absorption . All symbols, experimental conditions, and results are summarized in Tables 1-3, respectively. For liquids, the Eyring relation relates dynamic viscosity (η) and element self-diffusivity (D) (Eyring, 1936 Shannon & Prewitt, 1969) and α is a constant ranging between~4 and 6 depending on the boundary conditions (Adjaoud et al., 2011) . λ is assumed to be 11 Å for all of our experimental pressures, which is the minimum value indicated by previous computational results (Adjaoud et al., 2011; Ghosh & Karki, 2011) ; therefore, α = 4.5 for Fe 2+ and 4.9 for Mg 2+ . Choosing a larger value for λ will further decrease the estimates of viscosity in this study. Using a smaller R d for the diffusion species (e.g., R d = 0.61 Å for low-spin Fe 2+ ) will increase α for Fe 2+ ; however, it will still be within the range of 4-6. (Stackhouse et al., 2010) . b The value 0.7 μs is the laser modulation fall time. 3. Estimating D
Approach I: Dendrite Growth Model
In the first approach to determine D and the resulting η, we use the dendritic growth model (Kurz & Fisher, 1981) , as follows:
Solving for D, we have
where λ 1 is the primary dendritic arm spacing (Figure 1b) , G is the temperature gradient in front of the liquidus isotherm, V is growth rate of the dendrites, k is partition coefficient of solute, (i.e., Fe in this study), Γ is Gibbs-Thomson coefficient, and ΔT is the temperature difference between the liquidus and solidus equilibrium temperatures at the melt composition. The Gibbs-Thomson coefficient Γ of (Mg, Fe)O system is estimated at~10 À7 K m at our experimental conditions, listed in Table 3 , and plotted in Figure S1 (see details in supporting information).
As it is shown in Figure 1a , the top insulation layer (note that the sample insulates itself; L t is~1-3 μm) is much thinner than the bottom insulation layer L b (Table 2) . So the cooling of the melt layer is mostly through the top, very thin insulation layer. Due to the temperature dependence of thermal diffusivity of the sample κ (e.g., Stackhouse et al., 2010) , the effective thickness of this insulation is much smaller, estimated as one fourth of the actual thickness, Lt 4 , that is, 0.25-0.75 μm. Therefore, the time scale of cooling this top insulation is (L t /4) 2 /κ < 0.5 μs, where κ is taken at the highest temperature ( Table 2 ). The time scale of cooling of the melt layer is controlled by the quenching rate of the laser, that is, the laser fall time, and the thermal conduction of the melt layer itself. Laser fall time is estimated 
14-0409-91
3 (1) 2830 (250) 91 (1) 72 (2) 0.27(9) 761 2.7(2) 0.24(1) 0.30 2.9 11.7 14-0506_3G
3 (1) 2550 (250) 81 (1) 43 (2) Note. The 1σ errors are given on the last significant digit in parentheses or separate columns. a Temperatures (Du & Lee, 2014 ) have been corrected due to wavelength-dependent absorption that plagues (Mg, Fe)O samples based on inverse modeling in a previous study . The thickness of the melt layer is 0.6 μm, smaller than the~1 μm spatial resolution of electron microprobe (Du & Lee, 2014) . Therefore, our measurements are taken as an upper bound as the electron beam probes not only the melt layer but also the coexisting solid. 
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by the time it takes for the laser power to drop by 20-30% of its peak power, which is~0.7 μs ( Figure S2 ).
The cooling of the melt layer itself is estimated by the thermal diffusion time scale for the melt layer to cool: τ m~( L m ) 2 /κ m , where L m and κ m are the thickness and thermal diffusivity of (Mg, Fe)O melt, respectively. L m is~2 μm measured by the cross section of each recovered sample as shown in Figure 1a . κ m is~1 mm 2 /s assumed as the same value of MgO solid near the melting temperature, where thermal diffusivity of MgO solid at various temperatures and pressures is taken from previous computational results (Stackhouse et al., 2010) . Therefore, the time scale for the melt layer to cool is~4 μs. This is much slower than cooling through the top insulation layer. As such, the cooling of the melt layer with time is controlled by the quenching rate of the laser, that is, laser fall time and the thermal conduction of the melt layer itself. These estimates are summarized in Table 3 . A schematic of the temperature distribution along the compression axis for laser-heated diamond anvil cell melting sample during quenching is shown in Figure S3 .
Partition coefficients k are determined from the MgO-FeO phase diagrams up to 66 GPa Du & Lee, 2014) . Average values are taken, with uncertainties indicating the range (Table 3) . ΔT at each pressure is determined by taking the difference of liquidus and solidus temperature at melt composition. G is estimated as the difference in solidus and liquidus temperature at melt compositions divided by the thickness of the melt within melt pockets, which is~ΔT/L m . Uncertainties are given by the uneven thickness of the melt pocket (L m ). Dendritic growth is assumed to be controlled by the thermal cooling of the melt pocket; therefore, V = L m / τ m . We also note that the estimated D likely represents the slowest species of the (Mg, Fe)O melt. Here we assume that all species, that is, Mg, Fe, and O, have similar self-diffusivities (Holmstrom & Stixrude, 2016) , and therefore we approximate the estimated D as elemental self-diffusivity in order to calculate the viscosity using equation (1).
Approach II: Simple Model-Order of Magnitude Estimates
In the second approach, we estimate the viscosity of the melt that lacks clear dendritric features upon quench: experiments "13-1009" and "Jul0415" ( Figure S4 ). This is likely due to shorter cooling times caused by thin insulation layers and thin melt layers (Table 2) Additionally, using Approach II for samples with quenched dendritic texture yields values consistent with those attained through Approach I.
Results and Discussions
Diffusivity (D)
The calculated D from both approaches are listed in Table 3 and plotted in Figure 2 . The uncertainties of D are given in Table 2 , which are cumulative errors resulting from the measurements in our experiments and represent to what factor D is known (e.g., D is known to vary within a factor of 2.9 for experiment 14-049-91). For melt diffusivity and viscosity at low pressure (i.e., 3 GPa), our results are in good agreement with the computational results for MgO at 0 GPa (Alfe, 2005; Karki, 2015; Karki et al., 2013) , within experimental and unknown computational uncertainties, thus validating our method (Figures 2 and 3) . 
Viscosity
Using the Eyring relationship, we determine the viscosity of (Mg, Fe)O melts up to 70 GPa (Table 3 and Figure 3 ). The viscosity of (Mg, Fe)O at liquidus temperatures gradually decreases from 10 mPa s at 3 GPa to 1 mPa s at~20 GPa and stays nearly constant up to 70 GPa. This apparent negative pressure dependence from 3 to 20 GPa is consistent with previous results on fayalite melt (Spice et al., 2015) , likely due to the increase in Fe-O coordination with pressure (Sanloup et al., 2013) .
Effect of Fe on Viscosity
In this study, the iron content, x, in (Mg 1-x ,Fe x )O melt ranges from 0.25 to 0.6. However, at the pressure and temperature range of our experiments, the viscosity of melt does not vary with Fe content within experimental uncertainties, as shown in Figure 3 . This is consistent with the finding that diffusivities of (Mg 0.75 Fe 0.25 )O melt are fairly similar to MgO liquid, within a factor of 1.5 in the pressure and temperature range 0 to 200 GPa and 6000 K to 10000 K, respectively (Holmstrom & Stixrude, 2016) . Therefore, it appears that the major difference between viscosity for (Mg, Fe)O and that for MgSiO 3 and Mg 2 SiO 4 are most likely due to silicon concentration (Adjaoud et al., 2011; Ghosh & Karki, 2011; and/or the possible change of Fe-O coordination at high pressures (Sanloup et al., 2013) .
Effect of Fe 2+ Spin State in (Mg, Fe)O Melt
It is expected that Fe 2+ in (Mg, Fe) O melt will go through a spin transition from high spin to low spin (Ghosh & Karki, 2016; Holmstrom & Stixrude, 2016) . Also, it has been argued that the spin transition of the melt has a dramatic effect on Fe partitioning between solid and melt, causing a sudden Fe enrichment in silicate melt after~70 GPa (Nomura et al., 2011 (Ghosh & Karki, 2016; Holmstrom & Stixrude, 2016; Ramo & Stixrude, 2014) . Particularly, it is found that self-diffusivities of (Mg 0.75 Fe 0.25 )O melt are fairly similar to MgO liquid (Holmstrom & Stixrude, 2016) . Therefore, we suggest that this is also the case for (Mg, Fe)O melt and spin transition of Fe 2+ is unlikely to have a significant effect on its viscosity up to the CMB.
Parameterization of Melt Viscosity
We parameterized viscosity η as follows (Ni et al., 2015) :
where P and T are pressure in gigapascals and liquidus temperature in kelvin, respectively, as well as fitting parameters a, b, and c. Applying multiple linear regressions with equation (4) to our data set (Table 2) , it yields Log 10 η ¼ À2:5 0:5 ð Þ
where standard errors are shown in parentheses. Parameters b and c are found to be statistically insignificant after applying an F test (P value > 0.05). Thus, viscosity of (Mg, Fe)O melt appears to be approximately a constant, similar to that of MgO predicted by previous computational studies (Alfe, 2005; Karki, 2015) .
We calculate η at CMB conditions at present day, namely, 4000 K, 135 GPa (e.g., Boehler, 2000) to be 10 À2.5(±0.5) Pa s. This is in excellent agreement with theoretical calculations for pure MgO melt at CMB pressures (Alfe, 2005) but~1-2 orders of magnitude lower than MgSiO 3 and Mg 2 SiO 4 melt (Adjaoud et al., 2011; . (Liebske et al., 2005) , open triangle for peridotite liquid at 1830 K at 1 atm (Dingwell et al., 2004) , open squares for fayalite melt at or above liquidus up to 9 GPa (Spice et al., 2015) , and open inverted triangles for MgSiO 3 melt at~2150 K up to 6.6 GPa (Cochain et al., 2017) . Color represents the liquidus temperatures, as shown in color bar.
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We note that the approach taken above to extrapolate our results to the CMB is crude. Several factors could affect our predicted viscosity at the CMB, including the following: there are other ways to parameterize viscosity besides equation (4) (Ni et al., 2015) ; the spin transition of Fe occurs in (Mg, Fe)O melt in the pressure range investigated (Ghosh & Karki, 2016; Holmstrom & Stixrude, 2016) ; and the temperature and pressure coefficient terms b and c cannot both be constrained in this study, due to the fact that the measurements are made along the melting curve and thus T and P are correlated. Therefore, when extrapolated, our results likely bear uncertainties associated with our factors mentioned above.
Given the possible drawbacks, our study is, nonetheless, the first experimental study to constrain viscosity of (Mg, Fe)O melt up to 70 GPa and demonstrates the feasibility of our new method using quenched textures. More studies are needed at higher pressures (> 70 GPa) and for various compositions (Fe, Si, Al, Ca, etc.) to understand the viscosity of partial melt throughout the lower mantle. These studies will provide a strong basis to understand melt migration processes and ultimately the nature and origin of ultralow-velocity zones (e.g., Lay et al., 2004; Williams & Garnero, 1996) .
Geodynamical Implications: Magma Ocean
A deep magma ocean likely formed after the energetic Moon-forming giant impact (e.g., Canup & Asphaug, 2001; Cuk & Stewart, 2012) . As the magma ocean is likely composed of multiple components, that is, (Mg, Fe) O and MgSiO 3 , we assume that the viscosity of the magma ocean lies in between these two end-member components (Shaw, 1972) . Our results suggest that (Mg, Fe)O is lower than that of the MgSiO 3 at least up to 70 GPa. This reinforces the notion that the magma ocean is in the regime of turbulent convection with a Rayleigh number Ra > 10 30 . A simple model suggests that the lifetime of the magma ocean (t MO , Myr) is primarily determined by its viscosity (η), which is t MO~0 .018 η 3/7 and is rather short, that is, less than 20 kyr (Monteux et al., 2016) . The presence of turbulence mixing may influence the settling of crystals during the cooling. As a result, this may affect the primary chemical differentiation after the magma ocean has solidified (Solomatov & Stevenson, 1993) . More importantly, at lower mantle pressures, MgSiO 3 bridgmanite is expected to be the first phase to crystallize (e.g., Boukare et al., 2015; Nomura et al., 2011) . Therefore, as the magma ocean crystallizes, the coexisting magma may become increasingly Si poor and therefore likely less viscous, as our results suggest. However, the exact melt composition is still poorly known (Boukare et al., 2015) and therefore the estimation of viscosity of a given magma ocean composition remains very uncertain. This may play a role in mixing of crystals and the magma ocean, although the critical physical processes are still not well understood (e.g., Boukare & Ricard, 2017; Solomatov & Stevenson, 1993) .
Conclusions
We perform high-pressure melting experiments on (Mg, Fe)O up to 70 GPa. By analysis of the quenched textures after melting, we are able to estimate the elemental self-diffusion of (Mg, Fe)O melt from two independent approaches and show consistent results. Using the Eyring relation, we calculate the viscosity of the melt. We find that the viscosity of (Mg, Fe)O melt near liquidus temperatures is 10
À3
-10 À2 Pa s and does not vary much over the pressure range of 3-70 GPa. We find that the viscosity of (Mg, Fe)O melt at the CMB is 1-2 orders of magnitude lower than previous computational results for Si-rich melt at similar conditions while consistent with previous computational studies on MgO. Our results suggest turbulent convection and fast cooling of Earth's early magma ocean.
Introduction
This data set includes the details for the calculation of the Gibbs-Thomson coefficient (Γ). Figures are listed as Figs. S1-4, which describes calculated Gibbs-Thomson coefficient (Fig. S1 ), Laser modulation fall time (Fig. S2) , Schematic of temperature distribution (Fig. S3) , and Crosssection of quenched sample 13-009 (Fig. S4) .
Text S1
Gibbs-Thomson coefficient Γ is defined as where T m is the melting temperature. We calculate Γ of the endmembers, MgO and FeO, at various pressures and plot them in the Figure S1 . The thermodynamic properties T m and s molar V for MgO and FeO are calculated using the self-contained thermodynamic models by [Liebske and Frost, 2012] and [Komabayashi, 2014] respectively. For Γ of (Mg,Fe)O melt, T m are the melting temperatures measured in this study and s molar V is calculated assuming an ideal mixing between MgO and FeO [Du and Lee, 2014] . Note that Γ for the (Mg,Fe)O melt at 60 and 70 GPa are not shown. Fast cooling leads to the lack of dendrite texture at those pressures. Therefore we employ Approach II to estimate D and η, which does not require the value of Γ. Thick solid curve: signal of laser modulation. This figure is adapted from the manual of the SPI laser at 5kHz, 50% duty cycle, 100 W. Note that it takes ~0.7 µs for the laser to fall in power by about 20%. As laser power tends to scale linearly with temperature (e.g., [Hirose et al., 1999; Shen and Lazor, 1995] ), we estimate that the difference between the liquidus and solidus temperatures would require a drop of ~20% laser power (i.e., 5000 K liquidus vs. 4000 K solidus). Figure S3 . Schematic of temperature distribution along compression axis for LHDAC melting sample just prior to laser quench (solid curve), on laser quench (dashed curve) and just after laser quench (dash-dot curve). Red arrows show a time estimate of how long it takes the top surface of the melt bleb to cool from the super-liquidus to the solidus temperature, estimated from laser modulation time ~0.7 µs in Fig. S1 . Blue arrows show a time estimate of how long it takes the bottom surface of the melt bleb to cool from the liquidus to solidus temperature. Both sets of colored arrows show the difference in cooling between the top and bottom surfaces of the melt bleb due to differing thicknesses of thermal insulation. Note that since the bottom insulation is much thicker than the top, it takes longer for the bottom side to cool leaving larger dendritic features in the melt and larger coexisting solid grains on the bottom side of the melt (Fig.1a) . 
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